Abstract Healthy aging is considered as the core issue of aging population. Centenarians are a symbol of healthy aging. Concentration of elements in hair is an indicator of micronutrient status, which can affect the human health. In the present study, we investigated element concentrations in the scalp hair of 255 healthy centenarians from Hainan Island, China. The pattern of intergenerational transmission of elements and the effects of confounders such as sex, age, education level, smoking habits, alcohol intake, and frequency of hospitalization on hair element concentrations were assessed. For most elements, the load in hair increased significantly through intergenerational transmission (i.e., centenarians \ children \ grandchildren). Our results also demonstrated that female centenarians had significantly higher concentrations of Ca, Mg, Mn, Se, and Sr but lower levels of Cr and P. The Mn level was statistically significantly lower in the primary studies group. Alcohol intake was positively associated with Cd and Na levels, whereas smoking habits showed no significant effect on all the elements. Furthermore, the frequency of hospitalization was significantly positively associated with Cd, Cu, and Pb concentration. Moreover, our analysis suggested that adequate concentrations of Fe and Se might increase the life span of centenarians, whereas excessive concentrations of P and Pb were harmful to health and reduced life span. These results imply that element concentrations could be manipulated as a therapeutic modality in geriatric disease. They might also provide reference values for diseased subjects, allowing improved diagnoses and more effective therapies, which might support effective policies on health and aging.
Introduction
Populations around the world are aging rapidly, leading us into uncharted demographic territory. According to the 2012 revision of the Population Division of the United Nations Department of Economic and Social Affairs of the United Nations Secretariat, those aged C60 years are the fastest growing group globally, the proportion of which has risen from 8 % of the world's population in 1950 to 11.7 % in 2013 and is expected to reach 21.2 % in 2050 (UN DESA 2013) . Aging is widely regarded as one of the most significant risks to global prosperity, because it has potentially profound economic, social, and political implications (Beard et al. 2011) . As a less-developed country, China will experience a more dramatic change than others, with the proportion of the population aged C60 years expected to rise from 13.9 % in 2013 to 32.8 % in 2050 (UN DESA 2013 . The pace of this change means that China will have a much briefer period than other countries to adjust and to establish the infrastructure and policies necessary to meet the needs of its rapidly shifting demographic.
Centenarians are a symbol of health and longevity in most societies (Ozaki et al. 2007 ) due to their healthy disposition and maintenance of a healthy lifestyle (Franchini and Mannucci 2007; Ozaki et al. 2007; Perls et al. 2002) , and many studies have focused on this group to estimate the prevalence of super-longevity in communities or to explain its influencing factors (Christensen and Vaupel 1996; Robine and Paccaud 2005; Wilkinson and Sainsbury 1998) . According to the New England Centenarian Study, the largest study of centenarians in the world, approximately 90 % of centenarians remain disability free until 93 years of age, while approximately 43 % develop age-related diseases before 80 years, 42 % develop disease after 80 years, and 15 % have not developed disease by 100 years (Andersen et al. 2012) . In China, the number of centenarians has risen dramatically from 17,877 in 2000 to 35,934 in 2010 (China NBS 2001 .
Biomonitoring is an approved technique that assesses the impact of chemical elements present in the environment on living organisms (US EPA 1979) . Hair is an excretory tissue for essential, nonessential, and potentially toxic elements. In general, the amount of an element irreversibly incorporated into growing hair is useful in assessing the health and nutritional status of target populations (Li et al. 2012) . Therefore, hair element analysis provides an indirect test for physiological excess, deficiency, or maldistribution of elements in the body. Clinical research indicates that the concentration of specific elements in hair, particularly potentially toxic elements, is highly correlated with certain pathological disorders. Moreover, trace elements, as well as vitamins and minerals, play an important role in maintaining metabolic homeostasis in the elderly and in preventing many age-associated diseases (Pike and Chandra 1995; Schmidt 1991) . Compared with other biological specimens, such as blood and urine, hair sampling is less invasive, more convenient for storage and transport, and less hazardous (Li et al. 2012) , making it an attractive biomonitoring substrate.
Previous studies of centenarians have mainly focused on their health status in relation to a specific area of gerontological epidemiology, such as mental (Selim et al. 2005) , cognitive (Andersen-Ranberg et al. 2001) , clinical (Evert et al. 2003; Stathakos et al. 2005) , and physical epidemiology (Motta et al. 2005; Stathakos et al. 2005) . Element concentrations in the tissues of healthy centenarians have not been widely analyzed, yet they can be used as reference data leading to an improved assessment of the aging process and the micronutrient status of this group (Li et al. 2012) . It has been reported that several characteristics such as age, sex, ethnicity, nutrition, and geographical location might affect element concentrations in human hair (Savarino et al. 2001; Steinmaus et al. 2000; Wilhelm et al. 1991) . However, to date, there has been a lack of detailed research on the effects of these factors on element concentrations in centenarian hair. Aging is associated with changes in metabolism and status of various nutrients (Ahluwalia et al. 2000) . There is some evidence that hematologic variables made up of elements such as hemoglobin and hematocrit may decline with aging in humans (Preziosi et al. 1994; Salive et al. 1992) . However, it is of great challenge to trace the element content change. Thus, we investigated element concentrations in the hair of healthy centenarians and their offspring to reflect the element change with age.
Hainan Island, recognized by the International Expert Committee on Population Aging and Longevity as a World Longevity Island on August 27, 2014 (Xinhua) for its highest percentage of centenarians (18.75/100,000) in China (China NBS 2011), was chosen as the study area because it had the highest proportion of centenarians in China. The objectives of this study were (1) to analyze the concentration of 5 major elements (Ca, P, K, Mg, and Na) and 10 trace elements (Cd, Cr, Cu, Fe, Mn, Ni, Pb, Se, Sr, and Zn) in the hair of healthy centenarians, (2) to evaluate the correlation between a centenarian's age and element concentrations in hair, (3) to ascertain the key element(s) associated with centenarian life span, and (4) to examine the effects of generation and other confounders such as age, sex, education level, smoking habits, alcohol intake, and frequency of hospitalization on element concentrations. In addition, a set of baseline data from healthy centenarians may provide a valid reference for diseased subjects, leading to improved diagnoses and more effective therapies and supporting policies on health and aging (Li et al. 2011; Savarino et al. 2001 ).
Materials and methods

Study area
Hainan Island is a province at the southern tip of China with an area of 35,100 km 2 , a latitude of 18°10 0 to 20°10 0 North, and a longitude from 108°37 0 to 111°05 0 East. The climate is tropical monsoon with an average annual rainfall of 1600-2500 mm and average annual temperature of 23-25°C (Jiang et al. 2014 ). According to the demographic database of the sixth Chinese census, there are 1162 centenarians in Hainan Island and their prevalence per 100,000 people (C/ 100,000) is 13.40 (China NBS), with both values ranking highest in China (Fig. 1) . At a county level, the highest C/100,000 is in Lingao (36.93), followed by Chengmai (31.04) and Wanning (20.34) , and the lowest is in Baoting (2.73) and Sanya (3.21) . Even the lowest value is slightly higher than the national average of 2.70/100,000. Although the counties with high C/100,000 are dispersed, they are mainly located in eastern Hainan Island.
In addition, the majority of centenarians are native and unlikely to migrate or have lived outside this region during their lifetime. The primary environment in this region is well protected, as there is a low level of industrial activity.
Sample collection and preparation
The study was conducted on relatively healthy centenarians throughout Hainan Island in January 2013, and all participants were interviewed in person at their residence. A ''relatively healthy centenarian'' was defined based on a modified version of the criteria developed by Darviri et al. (2008) as follows: (1) capable of volunteering for the study, (2) capable of adequately communicating with the interviewer and granting an interview, (3) not bedridden, (4) having no measurable functional or cognitive limitations, and (5) living at his/her current address for at least 10 years. In addition, no proxy interviews occurred and no institutionalized centenarians were included. All study participants from the different communities were informed about the objectives of this study and agreed to collaborate, and the present study was approved by the bioethics committee of the Institute of Geographical Sciences and Natural Resource Research, Chinese Academy of Sciences (Beijing, China). Subjects answered a structured questionnaire containing questions on sociodemographic characteristics, education level, smoking habits, alcohol intake, and health status. In total, 255 hair samples and questionnaires were collected. Hair samples from the children and grandchildren of 124 centenarians were also collected. Hair samples were collected from the nape of the neck, as near as possible to the scalp, with a pair of stainless steel scissors, and stored in polyethylene bags for later analysis. Hair filaments were cut into lengths \2 mm using stainless steel scissors and washed thoroughly in an ultrasonic bath with 2 % nonionic detergent, followed by Milli-Q water. Washed samples were placed on Whatman filter paper and dried at room temperature in a class 100 laminar-flow hood.
Analytical methods
All reagents were of analytical grade or better. Highpurity deionized water from a Milli-Q Plus filter (Millipore, Bedford, MA, USA) was used for all dilutions and washes. All implements used in sample preparation were prewashed in a 5 % nitric acid solution. All measurements and analyses were performed at the Centre for Physical and Chemical Analysis, Institute of Geographical Sciences and Natural Resource Research, Chinese Academy of Sciences (Beijing, China). For multielement analysis, approximately 0.2 g dried hair from each sample was placed in a 50-mL beaker and digested in 3 mL nitric acid/hydrogen peroxide solution (2:1 V/V). Samples were carefully evaporated to near dryness on an electric heating plate at 100 ± 5°C. The residue was transferred to a 10-mL metal-free polyethylene bottle (Nunc TM , Roskilde, Denmark) and diluted with Milli-Q water for later analysis. Blank samples were prepared following the same procedure without hair. Concentrations of Cd, Cr, Cu, Mn, Ni, Pb, and Se were measured by Optima 5300DV inductively coupled plasma mass spectrometry (PerkinElmer, Waltham, MA, USA) (Goulle et al. 2005; Li et al. 2011) , and concentrations of Ca, Fe, K, Mg, P, Na, Sr, and Zn were measured by Elan DRC-e inductively coupled plasma optical emission spectrometry (PerkinElmer) (Suleiman et al. 2007 ). Meticulous care was taken to avoid external contamination of samples during analytical procedures. For quality assurance and control, blank spikes, certified reference materials (CRM, human hair powder GBW 09101, obtained from the National Standard Sample Study Center in Beijing, China), and blind duplicates were used during analyses. The recoveries on spiked samples of the 15 metals ranged from 83 to 108 %, and the relative percentage differences were\11 % in duplicate samples. The limits of detection for the metals were 0.002-0.017 lg L -1 , which were determined as three times the standard deviation from seven blank solutions.
Statistical methods
Kolmogorov-Smirnov tests were performed to determine whether the distribution for each element was normal and log-transformed concentrations were used to normalize their distribution. Spearman's rank correlation was for evaluating the correlation between a centenarian's age and the element concentrations in hair. A stepwise multiple linear regression (MLR) analysis was used to identify the element(s) significantly associated with the life span of centenarians. Samples were classified by confounders (generation, age, sex, education level, smoking habits, alcohol intake, and frequency of hospitalization). Statistical tests (t test or ANOVA) were performed to detect significant differences (p \ 0.05) of the geometric means of categorized, and linear regression analysis was used.
All statistical analyses were performed using SPSS 16.0 for Windows (IBM, Chicago, IL, USA). The statistical significance was set at p \ 0.05. In addition, ArcGIS version 10.0 (Esri, Redlands, CA, USA) software was used to generate distribution maps of longevity indexes and element concentration.
Results and discussion
Descriptive statistics for element concentrations in the hair of healthy centenarians
The descriptive statistics for element concentrations in hair samples from 255 healthy centenarians living in Hainan Island are presented in Table 1 . The concentration of Se was normally distributed, while the concentrations of the other elements were not.
Reference values (RVs) and reference intervals (RIs) were defined according to the International Federation of Clinical Chemistry (Poulsen et al. 1997) . Because a reliable set of reference standards was not available for element concentrations in hair of centenarians in Hainan, the geometric mean values obtained here were used as RVs. RIs, defined as the prediction interval between which 95 % of values of the reference group were found (Poulsen et al. 1997) , are presented in Table 1 .
Factors such as sex, age, ethnicity, hair type, and geographical location can affect reference ranges and thus may influence the final values (Mikulewicz et al. 2013) . Therefore, follow-up evaluations should be conducted to verify the RVs and RIs of elements in the hair of this population. Nonetheless, the values obtained are useful and will enable further studies on the manipulation of element concentrations in body tissues as a potential therapeutic modality in geriatric disease.
Relationship between age and element concentrations
Spearman's rank correlation was used to evaluate the relationship between age and element concentration (Table 2) . Positive correlations were seen between age and Ca, Cr, Cu, Fe, K, Na, Ni, Se, Sr, and Zn concentrations, while negative correlations were seen for age and Cd, Mg, Mn, P, and Pb concentrations. However, these correlations were not statistically significant.
Stepwise MLR was used to ascertain the association between element concentrations and life span, using centenarians' age as the dependent variable and the 15 elements measured as the independent variables (Li et al. 2011 ). The statistical model and parameters associated with the final step of the stepwise MLR, which represented the best explanatory independent variables, were as follows:Ỹ(centenarians' age) = 104.017 -0.010P -0.154Pb ? 0.003Fe ? 1.460Se, with R 2 = 0.035, F(4, 250) = 2.29, and p \ 0.05.
The final 4 selected independent variables in this model were P, Pb, Fe, and Se. P and Pb had the highest and second highest weight, respectively, and had a negative effect on longevity. In contrast, Fe and Se concentrations were positively associated with longevity. The model excluded other elements due to their low relative contribution. It can be concluded that Fe and Se play an important role in maintaining metabolic homeostasis in centenarians and contribute positively to their life span, and excessive consumption of P and Pb is harmful to health and may reduce life span. Se is an essential nutrient, and adequate amounts are required for optimal health (Papp et al. 2007 ). It acts as a potent antioxidant protecting cells from oxygen free radicals and thus can slow the aging process (Hamilton et al. 2000; Yoshizawa et al. 1998) . Fe functions in several biological systems such as the sensory systems. It can also cause harm through oxidative stress, interference with the absorption or metabolism of other nutrients, and suppression of critical enzymatic activities. Its deficiency is considered an important risk factor for health (Iannotti et al. 2006) .
Heavy metals have long been recognized as harmful environmental pollutants (ADSTR 2007). Pb can impair visual space cognition in centenarians, which might be an early symptom of dementia (Weisskopf et al. 2007; Wright et al. 2003) , and in this study, it was found to have an adverse influence on centenarian age. Although P is considered an essential element, according to previous research, a high serum phosphate concentration is significantly associated with cardiovascular disease and increased mortality (Block et al. 1998; Kestenbaum et al. 2005; Slinin et al. 2005) , and an elevation in P can trigger the secretion of regulatory hormones, leading to tissue damage and the development of cardiovascular disease, renal impairment, and bone loss (Calvo et al. 2014) . Thus, excessive consumption of Pb and P should be avoided.
Intergenerational transmission of elements
To analyze differences between generations, element concentrations in hair were compared between centenarians and their offspring who lived in the same area and ''0,'' ''1,'' and ''2'' represent centenarians, children of centenarians, and grandchildren of centenarians, respectively c Fig. 2 Comparison of element concentration in hair between generations. The bars represent the standard deviations of elements for each generation. Different letters mean significant differences at p \ 0.05 as determined by Student's t test were exposed to a similar environment and culture. These results are illustrated in Table 3 and Fig. 2 . For almost all elements except for Fe, K, Na, and Mn, concentrations were significantly highest in grandchildren's hair, followed by children's hair, and finally centenarians' hair (p \ 0.05). Our findings are similar to the results illustrated by other researchers (Mertz 1997; Preziosi et al. 1994; Salive et al. 1992 ) who found that element concentrations in the body might decrease with age.
Individual factors influencing element concentrations in centenarian hair
Interindividual variation in concentrations of elements in hair is a result of multifactorial comprehensive action. This study identified a number of factors associated with element concentrations. Table 4 shows element concentrations in relation to sex, age, education level, smoking habits, alcohol intake, and frequency of hospitalization.
The proportion of females (83.44 %) was much higher than that of males (16.56 %). According to the previous research, females might live longer as a result of disproportionately high mortality levels in males (Ginter and Simko 2013; Luy and Gast 2014) . Sex differences in diet, iron status, and hormone levels can affect the absorption of elements (Kazi et al. 2008; Olsson et al. 2002) . Element concentrations of Ca, Cd, Cu, K, Mg, Mn, Se, and Sr were higher in females than in males, while those of Cr, Fe, Na, Ni, P, Pb, and Zn were higher in men. Differences were statistically significant for Ca, Cr, Mg, Mn, P, Se, and Sr.
The 255 centenarians were divided into 3 age groups, 100-103, 104-107, and over 108 years old. The differences between age groups were not statistically observable except for Zn, which might because the age differences in the present study were too small. Thus, it does not merit additional discussion here.
Education level was used as an indicator of socioeconomic status, which may affect element concentrations due to associated differences in dietary patterns, lifestyle, and occupational exposure (Brulle and Pellow 2006) . In our study, centenarians were divided into 3 groups according to different education levels, which were uneducated centenarians, centenarians completed primary or secondary studies. Of the centenarians in this study, 92.09 % were defined as uneducated, most likely because they had lived through a period in which education was neglected.
Although differences in Cr and Mn concentration were significant (p \ 0.05), they showed no obvious trend in common. Educational level is a complex variable that may be a surrogate for other covariates, measured or unmeasured in this analysis, and many of these associations are difficult to explain. The variations might be due to the different and rather complex incorporation kinetics of elements, which has not been studied or elucidated in detail so far.
Drinking alcohol and smoking are widely recognized health risks (Aguilera et al. 2008) . It has been previously reported that smoking clearly influences Cd concentrations (Hoffmann et al. 2000) , which is wellknown nephrotoxic element and significantly changes in biomarkers of early kidney damage. Alcohol appeared a residual effect of dietary patterns (Aguilera et al. 2008) . In this study, the majority of centenarians were never smokers (91.72 %) and nondrinkers (76.43 %), confirming that a healthy lifestyle contributed to longevity. We found higher levels of Ca, Cd, Cr, K, Mn, Ni, P, Pb, and Sr in smokers than in those who never smoked. In contrast, concentrations of Cu, Fe, Mg, Na, Se, and Zn were lower in smokers. Except for Fe and Ni, drinking can increase the load of element concentrations. However, differences in element concentrations based on alcohol intake and smoking habits were not statistically significant, and thus, more research is needed to identify the mechanisms involved in the effects of smoking and drinking on centenarian longevity.
It has been reported that most centenarians maintain a healthy lifestyle (Franchini and Mannucci 2007; Ozaki et al. 2007; Perls et al. 2002) . In our study, 69.43 % of the centenarians had not visited the hospital in the past year and were disability free. The frequency of hospitalization (per month) was significantly positively associated with Cu and Pb levels (p \ 0.05).
In fact, some correlations between element concentrations and selected factors may be due to chance, or in other cases are not biologically or clinically remarkable, and the factors we considered can be influenced by other covariates. To obtain the most reliable estimate of associations between element concentrations and one categorical variable without bias from other factors, we introduced dummy variables to replace the categorical variables with numerical values and carried out linear regression analysis of log-transformed levels of elements in healthy Alcohol intake is classified as nondrinking (0-0.5 unit per week) and drinking ([0.5 unit per week). 1 unit is defined as 1 bottle of beer, 1 glass of wine, or 1 glass of aquavit Environ Geochem Health (2016) 38:723-735 731 Table 5 Linear regression analyses of log-transformed levels of elements in healthy centenarians' hair centenarians' hair (Aguilera et al. 2008) . The results are summarized in Table 5 . Regarding sex, female centenarians showed significantly higher levels of Ca, Mg, Mn, Se, and Sr and lower levels of Cr and P. People aged 104-107 years old had strikingly higher levels of Na and Zn in their hair than people aged 100-103. Mn showed a direct association with educational level, with statistically significant lower levels in the primary studies group. Drinking alcohol was positively associated with Cd and Na levels, whereas smoking habits showed no significant effect on all the elements. Frequency of hospitalization was associated with Cd, Cu, and Pb. These results also reflect that elements might differ in exposure pathways, migration, and transfer. Overall, the variables included in the models made only a small contribution to the total variance of the elements, providing a small adjusted R 2 .
Conclusion
In this study, we measured element concentrations in the hair of healthy centenarians in Hainan Island, China. RVs and RIs for 15 elements are presented. Our findings suggest that centenarian age is a function of P, Pb, Fe, and Se concentrations in their hair, of which Fe and Se had a positive association with life span, whereas excessive concentrations of P and Pb were harmful to health and had a negative association with life span. Moreover, element loads in hair increased significantly with intergenerational transmission (i.e., centenarians \ children \ grandchildren). Interindividual variation in element concentrations in hair is the result of many factors, such as sex, education level, and drinking and smoking habits. There were more females than males centenarians in our study. Concentrations of Ca, Mg, Mn, Se, and Sr were significantly higher in the females' hair than in males' hair, while levels of Cr and P in females were lower. Most centenarians were uneducated, and the Mn level was statistically significantly lower in the primary studies group compared with the uneducated group. Most of the centenarians in our study did not drink alcohol or smoke. Alcohol intake was positively associated with Cd and Na levels, whereas smoking habits were not significantly associated with any of the elements. Furthermore, 69.43 % of centenarians were disability free and never visited the hospital, but for Table 5 continued those who had been hospitalized, the frequency of hospitalization (per month) was significantly associated with Cd, Cu, and Pb concentrations. Although our results are inconclusive due to insufficient data, we believe our findings will improve understanding of the causes of aging and, as a result, provide valuable information for the development of more effective approaches for successful aging.
